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i.  mreei 


1.1  Objectives 

The  purpose  of  this  contract  as  outlined  in  the  technical  require¬ 
ments  for  PI  62-KLP/»-49hl  is  the  theoretical  investigation,  design,  and 
development  of  thin  film  metal-dielectric  active  solid  state  electronic 
device  with  useable  power  gains  that  are  relatively  insensitive  to  tempera¬ 
ture  changes.  The  development  of  a  multilayer  structure  that  is  capable 
of  performing  electronic  amplif icatlon  with  performance  characteristics 
approaching  or  surpassing  other  band  gap  model  devices  is  of  prime  impor¬ 
tance  in  this  work.  The  development  of  fabrication  techniques  that  are 
cosq>atible  with  the  production  of  other  circuit  components  which  lead  to 
reproducible  active  devices  having  near  optimum  characteristics  is  also  a 
major  objective.  In  line  with  these  objectives,  investigations  will  be 
initiated  in  two  major  device  areas;  space  charge  limited  triodes  and 
field  effect  triodes. 

1.2  Description  of  Tasks 

Task  I:  Field  Effect  Triodes.  This  area  of  work  is  concerned  with 
the  theory  and  design,  fabrication  techniques,  and  electrical  measurements 
of  thin  film  field  effect  triodes.  The  field  effect  trlode  is  a  thin  film 
active  device  which  employs  conduction  of  electrons  from  e  source  electrode 
to  a  drain  electrode  along  the  plane  of  a  thin  film  of  cadmium  sulfide  or 
other  materiel.  Modulation  of  the  device  current  is  obtained  by  a  gate 
electrode.  The  gate  electrode  is  placed  on  the  cadmium  sulfide  layer  between 
the  source  and  drain  electrodae  and  is  Insulated  from  the  cadmium  sulfide  by 
silicon  monoxide  or  another  appropriate  material. 

Task  II:  8pace  Chares  Limited  Triodes.  This  area  of  vork  is  concerned 
with  the  theory  end  design,  fabrication  techniques  and  electrical  measure¬ 
ments  on  space  charge  limited  thin  film  triodes.  These  devices  consist  of 
thin  natal  films  which  serve  ae  emitter,  grid,  and  plate  layers.  The  metal 
layers  are  separated  by  thin  films  of  cadmium  sulfide  or  other  appropriate 
materials.  The  grid  film  is  deposited  as  a  screen  or  grill  network  and  is 
Insulated  from  the  cadmium  sulfide  by  a  material  such  as  silicon  monoxide. 
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Hals  ILLL-SaMa  ialfigi  ]aaasamak-  Thi.  section  of  the  work  is 
concerned  with  the  calculation  of  the  details  of  the  eolld  gee  equilibrium 
between  cadmium  sulfide,  cadmium  and  sulfur,  and  the  application  of  the 
results  to  making  improved  cadmium  sulfide  for  field  effect  end  apace  charge 
limited  thin  film  trlodes.  Measurements  made  on  thaae  films  include  the 
determination  of  reaiativity,  Hell  effeet,  photoconductivity,  epectrum  end 
grain  eise.  The  important  characteristic  quantities  ere  the  carrier  danaity, 
trap  depth  and  density,  and  electron  mobility. 

Teak  IV:  Zinc  Oxide  Material  Improvement.  This  work  will  be  aimed  at 
improving  sine  oxide  thin  films  and  optimising  them  for  use  in  thin  film 
field  effect  and  space  charge  limited  trlodea.  Phyelco -chemical  reasoning 
as  well  as  film  fabrication  and  measurement  approaches,  similar  to  those 
daecrlbed  above  for  cadmium  sulfide,  will  be  employed  in  the  sine  oxide 
material  development. 

1.3  Roland 

Related  Government  sponsored  projecte  Include  the  following: 


Tunnel  Cathode  Investigation 

General  Electric  Co. 

DA -49-186-502 -0RD-1053 

Research  on  Thin  Film  Active 
Devices 

Phllco 

DA-49-186-502-0ED-1056 

Molecular  Circuit  Development 

Helper,  Inc. 

NOw  60-0362-C 

Project  Lightning 

RCA 

NObsr  77523 

Exact  Title  Not  Known 

Electro  Optical 
Systems,  Inc. 

AF  33(6l6)-7784 

Exact  Title  Not  Known 

Philco 

DA  36-039-SC-90715 

Exact  Title  Not  Known 

Raytheon 

AF  30(602)-2673 

Exact  Title  Not  Known 

Ecola  Normala 

AF  61(052 )-403 

Exact  Title  Not  Known 

Stanford  Research 
Institute 

Nonr  225(24),  NR  37336O 

Exact  Title  Not  Known 

MIT 

NASA  Ras.Gr.  Ns  G  234-61 

Exact  Title  Not  Known 

Stanford  Research 
Institute 

DA  36 -039 -SC -85339 

(We  wish  to  acknowledge  Q.C.  Kaiser,  of  DOVL,  as  the  source 
for  the  last  seven  contracts) 
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II.  ABSTRACT 


TASK  I:  FIELD  EFFECT  TRIQDES 

A  (totalled  conduction  mechanism  for  thln-fiim  field  effect 
trlodes  is  presented.  New  experimental  findings  which  seem  to  sub* 
stentiete  the  trap  emptying  mechanism  are  outlined.  The  resulta  of 
experiments  in  varying  S10  and  CdS  thickness  in  field  effect  trlodes 
and  their  effect  on  device  performance  are  shown.  Effects  of  device 
aging  end  electrode  configurations  on  device  performance  are  also 
discusaed. 

TASK  II:  SPACE  CHARGE  LIMITED  TRIODES 

The  requirements  for  producing  space  charge  limited  current  in 
devlcea  are  discussed,  and  possible  methods  of  fulfilling  them  are  presented. 
Experimental  results  in  fabricating  devices  using  different  source  and  drain 
electrode  materials  ere  shown.  A  change  to  the  field  effect  triode  con¬ 
figuration  is  proposed. 

TASK  III :  CADMIUM  SULFIDE  IMPROVEMENT 

A  post-deposition  treatment  of  cadmium  sulfide  films  is  outlined 
and  results  are  presented.  Preparation  of  CdS  films  at  various  substrate 
temperatures  and  in  ultra-high  vacuum  is  discussed.  The  possibilities  of 
using  molecular  beam  evaporation  sources  is  also  discussed. 

TASK  IV:  ZINC  OXIDE  MATERIAL  IMPROVEMENT 

The  difficulties  in  evaporation  of  sine  oxide  are  discussed  and 
the  results  of  these  experiments  sre  presented. 


III.  PUBLICATIONS,  BBPORTS,  CONFERENCES 


The  content  of  the  following  papers  is  releted  to  end  in  pert 
derived  from  work  performed  under  thie  contract: 

“Thin-Film  Active  Devices,"  W.  Tentraporn  and  K.K.  Reinharts, 
National  Electronics  Conference,  Chicago,  Illinois,  October  8-11,  1962. 

"Composite  Analysis  of  Thin  Film  Active  Devices,"  W.  Tentraporn, 
Special  Meeting  of  the  AIEE  Solid-State  Circuits  Committee,  Seattle, 
Washington,  August  23-2k,  1962. 

The  following  meetings  were  held  between  repraeentatives  of  the 
U.S.  Army  Electronics  Research  and  Development  laboratory  and  the  Electronics 
Laboratory  of  the  General  Electric  Company  to  discuss  technical  work  undar 
the  subject  contract: 

a.  June  27,  1962,  Syracuse,  New  York 

b.  October  22,  1962,  at  Fort  Monmouth,  New  Jersey 

c.  January  7,  I963,  at  Syracuse,  Naw  York 

d.  March  26,  at  Fort  Monmouth,  New  Jersey. 


IV.  FACTUAL  DATA 


Task  I:  Field  Efi.ict  Triodes 

4.1  Theory  of  Thin  Film  Field  Effect  Triodes 

4.1.1  Introduction 

Thin  film  triodea  having  a  geometrical  arrangement  almllar  to 
that  thorn  in  Figure  1  have  been  reported  recently^ The  materials 
used  at  the  semiconductor  layer  allowing  succeseful  operation  are  Cd8  end 
CdSe.  (Some  other  semiconductors  including  Si,  Te,  etc.,  have  been  tried, 
but  with  very  limited  success.)  Although  successful  modulation  of  the 
source-drain  current  by  the  gate  voltage  is  achieved,  the  physical 
mechanism  of  modulation  has  not  been  understood. 

To  summarise  briefly  the  nature  of  the  problem,  only  the  results 
for  CdS  triodes  will  be  used.  (CdSe  triodes  exhibit  similar  characteristics*.) 
The  characteristic  curves  of  the  triode  performance  can  be  classified  roughly 
into  two  classes.  Class  (l),  depicted  in  Figure  2  (often  called  the  non- 
saturation  type),  shows  appreciable  source-drain  current  as  a  function  of  the 
drain  voltage,  and  the  influence  of  the  positive  or  negative  gate  voltage  is 
to  Increase  or  decrease  the  current  with  respect  to  the  sero  gate  condition. 
Class  (2),  shown  in  Figure  3,  exhibits  saturation  characteristic  of  IgD  as 
a  function  of  Vg^  and  the  effect  of  the  gate  voltage  is  an  increasing  function 
of  the  positiveness  of  the  gate.  Contrary  to  class  (1)  triodes,  the  class 
(2)  triodes  have  negligible  trans conductance  at  lower  or  negative  gate 
biases. 

There  have  been  at  least  three  schools  of  thoughts  on  the 
mechanism  of  the  modulation.  The  first  snd  perhaps  the  most  common 
mechanism  or  model  is  that  of  conduction  via  the  surface  charge  accumula¬ 
ted  under  the  insulator-semiconductor  interface  (cf.  Figure  1)  as  the 
gate  is  biased  positive.  This  mechanism  is  considered  by  Weimer^,  and 
its  modified  versions  covering  the  class  (2)  type  characteristic  appear 
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elsewhere^' This  mechanism  was  quastionad  by  Tantraporn  and  Reinharts^) 
sinca  it  doas  not  fit  certain  preliminary  experimental  results. 


/c' 

The  second  model  was  advanced  by  Zulaegv^/  in  an  unpublished 
report.  He  proposed  that  the  gate  electrode,  being  closer  to  the  source 
than  the  d:\-in,  exerts  a  much  stronger  field  and  pulls  off  space  charges 
from  the  source  electrode  (if  the  source  forms  negligible  barrier  height 
with  CdS)  which  are  transferable  to  the  drain.  This  mechanism  would  account 
for  the  saturation  effect  in  samples  in  which  the  drain  voltage  has  negli¬ 
gible  ability  to  draw  appreciable  current.  However,  in  the  cases  where  the 
drain  voltage  can  produce  sufficient  field  to  draw  space  charge  current 
directly  from  the  source,  the  insulated  gate  then  merely  modulates  the  space 
charge  flow  electrostatically  similar  to  the  space  charge  limited  trlode 
proposed  by  G.T.  Wright^). 


Note  that  the  mechanism  proposed  by  Zuleeg  requires  the  existence 
of  strong  gate  fields  in  the  CdS  layer,  whereas  the  Weimar  type  of  mechanism 
requires  interface  charges,  implying  a  very  weak  gate  field  in  the  CdS  layer. 
Yet  both  mechanisms  will  yield  algebraically  the  "saturation  current"  as 
being  proportional  to  the  square  of  the  gate  voltage^''*).  (The  square  law 
holds  approximately  for  the  class  2  triodes.) 

The  third  model  was  that  advanced  by  Tantraporn^)  who  considered 
the  effect  of  the  electric  field  due  to  both  the  drain  and  the  gate  on  the 
barrier  height  (at  the  source  electrode)  or  the  trap-depth  (within  the  CdS). 
The  lowering  of  the  activation  energy  required  to  overcome  the  barrier 
height  or  trap  depth  manifests  itself  as  an  increase  in  the  current.  This 
mechanism  was  thought  to  be  Important  in  view  of  the  preliminary  result 
of  reference  (4)  and  some  data  of  reference  (8). 

This  sectten  will  describe  a  sequence  of  experiments  designed  to 
establish  the  modulation  mechanism  in  the  CdS  triodes  of  both  classes. 

Firsts  a  complete  set  of  experiments  was  performed  on  a  class  (l)  trlode, 
establishing  the  existence  of  a  field  dependent  activation  energy  of  the 
source-drain  conduction.  Similar  experiments  on  the  class  (2)  trlode  are 
not  as  conclusive,  due  to  experimental  difficulties  inherent  in  this  class. 
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Tha  measurements  of  Cha  alectrlc  fiald  of  tha  gate  aa  comparad  to  tha 
aourca -drain  fiald  ahowad  that  tha  gata  fiald  la  much  strongat  in  the 
claaa  (2)  than  in  tha  claaa  (l)  triode.  It  will  be  argued  that  tha 
only  machaniam  that  can  explain  the  atrange  behavior  found  in  the  electric 
fiald  experiment  on  the  class  (2)  trlode  is  the  emptying  of  tha  axcaaa 
space  charge  trapped  in  CdS.  It  is  then  shown  that  tha  trap  emptying 
mechanism  can  be  the  modulation  mechanism  in  both  classes  of  triodea. 

Space  charge  injection  is  necessary ,  while  the  conduction  channel 
mechanism  may  be  the  mechanism  of  drainage,  all  in  the  same  modulation 
process . 

4.1.2  Experiments  and  Interpretations  on  the  Class  fl)  Trlodea 

As  mentioned  earlier,  the  class  (l)  triodes  are  those  which  at 
zero  gate  voltage  exhibit  supralinear  dependence  of  I^Q  on  (aea 
Figure  2).  For  a  class  (1)  sample  having  a  15  ji  masked  separation  between 
the  aource  and  drain,  (the  actual  gap  width  is  not  known,  and  may  not  be 
regular)  the  current  is  of  che  order  of  1  ma/cm-gap- length  at  1  volt  bias. 
In  contrast,  a  class  (2)  sample  under  similar  conditions  would  pass  a 
currant  of  the  order  of  1  jia/cm-gap-length,  or  an  order  of  magnitude  higher 
or  lower. 

4, 1.2.1  The  Analysis  of  the  Current-Voltage  Relationship 

In  order  to  determine  whether  the  suprallnearity  in  the  class 
(l)  sample  is  due  to  the  SCI.  current  part  as  suggested  by  Zuleeg^^,  the 
current -voltage  curve  ISD  vs.  VgD  is  replotted  in  the  log-log  scheme  in 
Figure  4  where  the.net  current  (less  the  ohmic  part)  is  also  plotted.  It 
may  be  seen  that  the  SCI  square  law  is  not  obeyed.  When  the  data  of 
Figure  4  is  plotted  in  the  log  I  vs.  scheme  in  Figure  5,  however,  the 
fitting  is  considered  good.  It  is  noted  that  the  higher -voltage  point 
(«w9  volts)  contains  a  heating  effect  (to  be  discussed  later),  which  should 
cause  the  experimental  current  value  to  be  too  high.  Such  a  heating  effect 
is  easily  identified  when  the  current  Increases  as  a  function  of  time  at 
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CURVE  FITTING  OF  Iso  VS.  VSD  SHOWING  THE  NON  FITNESS 
OF  THE  FUNCTION  I  =  AV+BV2,  Li.  OHM  1C  ♦  SPACE  CHARGE- 
LIMITED  CURRENTS 


FIGURE  4 
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y*sS »*  VOIT  Jfe 


PHENOMENOLOG  1C AL  FUNCTION  AND  ITS  FITTING  TO  THE 

EXPERIMENTAL'  POINTS.  (POINTS  ARE  TRANSPLQTTED  FROM  OC 

RECORDER  TRACE.  ARROW  SIZES  QUALITIVELY  INDICATE  THE  RATES 
OF  DRIFT  DUE  TO  HEATING.) 

FIGURE  5 
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ths  constant  high  voltags* 

Tha  plotting  achoao  of  Figure  5  is  baud  on  tho  relationship 
1 

i*.-  “  (</■-/>{?)  (l) 

(where ^  is  tha  sero-fiald  activation  energy  and/2  is  a  constant)  which  arises 

/q*  1/2 

in  tha  casa  tha  currant  flow  is  limited  by  a  barrier  height'7'.  Since  tho  V 
dependence  arises  when  the  barrier  shape  is  coulombic,  the  tame  voltago 
dependence  would  be  expected  if  tha  conduction  process  is  by  a  space  charge 
current  limited  by  trapping  due  to  some  trapping  centers^  which  may  be 
represented  by  potential  walla  with  walla  described  approximately  by  a  coulomb ic 
function. 

b. 1.2.2  The  Activation  Energy  as  a  ruoctlon  of  Applied  Voltage 

As  a  result  of  b.l^J-timt  the  current  flow  is  limited  by  a  process 
requiring  an  activation  energy,  it  will  be  e  good  check  to  perform  the 
temperature  dependence  measurement  on  at  constant  voltage  values**. 

Sample  36B,  whose  data  were  used  in  the  previous  analysis,  will  be  used 
throughout  for  consistency,  (it  must  be  pointed  out  that  similar  results 
have  been  obtained  on  other  samples,  but  a  complete  set  of  measuremente 
has  so  far  been  carried  out  on  sample  only.) 

Figure  6  exhibits  the  temperature  dependence  of  ISD  at  various 
constant  values  of  V^,  plotted  in  the  log  Z  vs  10^/T*K  scheme.  The 
extrapolation  of  the  straight  lines  to  a  common  point  at  T*»®o  was  done 
by  first  extrapolating  the  V  ■  1  curve  linearly  to  the  ordinate.  Prom 


Many  independent  experiments  have  been  perforated  at  the  Electronics  Labora¬ 
tory  to  establish  the  joule  heating  affect  in  CdS  film  on  glass.  The  tenpra- 
ture  change  of  100*C  is  not  unlikely,  and  the  initial  rate  of  temperature  change 
may  be  of  the  order  of  10**C/sec. 

## 

Temperature  control  apparatus  was  described  for  the  glow  curve  exporiawnt 
proposed  in  the  2nd  Quarterly  Eaportl •*.  Mere  the  sample  is  cooled  down,  then 
the  temperature  is  let  to  approach  room  temperature  or  higher  at  a  rate  of 
4o*C/hr.,  approximately.  Tor  tha  highly  conductive  sample  36*  the  eurremt 
value  we  temperature  is  reproducible,  aid  net  different  from  the  value  when 
the  haetiag  rate  Is  as  low  as  the  leak  through  tho  top  plate  of  the  vacuum 
thermos  (+  100*C/day). 
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TEMPERATURE  DC 


the  ordinate,  intercept  line*  are  than  dram  to  be  tangential  to  the  curvas 
at  higher  voltage  valuea. 

Similar  reaulte  are  shorn  in  Figure  7  for  the  caae  Vg V. 

It  is  noted  that  for  a  value  of  VgD  the  current  for  Vg^  ■  VgD  caae  ia 
always  higher  than  the  0  case,  at  any  given  temperature. 

Linear  extrapolation  to  a  common  intercept  at  1/T  ■  0  in 
Figures  6  and  7  is  justified  by  two  reasons. 

A.  Experimental  -  Reference  8  presented  similar  experimental 
results  with  better  straight  fitting  at  lower  valuea  of  1/T,  presumably  due 
to  better  thermal  condition.  We  identified  the  deviations  of  the  expari- 
mental  points  from  the  straight  lines,  especially  at  higher  power  level, 

as  due  to  the  heating  effect  by  performing  separate  experiments  (drifting 
of  current,  differently  controlled  thermal  conditions,  frequency  dependence, 
etc.).  The  sacrifice  in  the  non-fitting  is  traded  off  for  the  reproduci¬ 
bility  of  the  results  under  the  experimental  conditions  employed.  Neverthe¬ 
less,  the  activation  energy  calculated  from  such  a  plot  is  reliable  at  least 
for  the  low  voltage  cases. 

B.  Theoretical  -  The  polycrystalline,  non-stoichlometric,  thin 
film  of  CdS  used  no  doubt  has  enormous  imperfection  densities  (chemical, 
surface  and  intergrain  boundaries,  lattice  defects  within  the  grains,  etc.), 
and  it  is,  therefore,  justified  to  regard  the  deep  lying  levels  (measured 
from  the  conduction  band  edge)  as  compensated  and  the  interaction  with  the 
conduction  band  as  dominated  by  those  levels  nearest  to  it.  By  the  magni¬ 
tude  of  the  current  observed  in  the  class  1  triodes,  the  activation  energy 
of  the  interaction  must  be  rather  small.  If  the  source  contact-barrier  is 
sufficiently  small*,  then  the  electron  density  is  given  by^®' 

» .  8  (Sscki  )3/a  ,-«/M  .  ,  .•*/»  („ 


# 

This  assumption  is  necessary  also  in  the  mechanisms  considered  by  references 
1,  2  and  3. 
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provided 


B/kT 


»  N. 


(2) 


whore  E  ie  the  ectlvetlon  energy, 


N_  ie  the  deneity  of  the  loeel  levels  in  exchange  with  the 
*  conduction  bend, 

end  other  symbols  have  their  usual  meanings. 


Since  is  expected  to  be  large  for  the  film,  and  E»kT  even  for 
the  small  E,  condition  (2)  is  quite  safe  es  H  10^  cm"3. 

Since  the  mobility  4  is  known  to  be  generally  temperature  dependent 
as  T  3^2,  except  at  lower  temperatures  (cf.  ref.  11  for  single  crystal  CdS), 
the  temperature  dependence  of  the  current  reduced  to 


I  ~  net*  a. 


-B/kT 

© 


(a) 


E  x  10*3  3 

where  oi  •  - jp* —  and  x  ■  10J/T*K.  The  x  ■  o  intercept  of  current  in 

Figures  6  and  7  determined  by  extrapolation  of  the  low  voltage  case  is, 
therefore,  allowed  as  a  basis  for  "interpolation1*  for  the  higher  voltage 

cases . 


The  slopes  of  the  lines  in  Figures  6  and  7,  measured  in  eV,  are 
plotted  as  a  function  of  the  voltage  in  Figure  8e,  for  both  VQ  >  0  and 
Vq  -  Vgp  cases.  The  extrapolation  toward  sero  voltage  suggests  the 
activation  energy  of  0.21  eV,  herewith  defined  as  Eq.  The  reduction  from 
Eq  due  to  the  applied  voltage  is  then  plotted  as  a  function  of ^f\T  in 
Figure  8b,  in  order  to  check  the  barrier  height  modification  effect/6  /fv” 
in  equation  (1).  The  straight  line  drawn  through  the  origin  to  best  fit 
the  points  gives  a  slope 

^E m  0.035  (eV)/Voltl/2  (k) 

It  is,  therefore,  no  surprise  to  find  that  the  activation  energy 
found  for  other  sasples  at  VgD  ■  1.5  volt  is  usually  of  the  order  of  0.16*0.18  eV. 
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THE  ACTIVATION  ENERGY  E  AS  A  FUNCTION  OF  VOLTAGES.  (BOTH  CURVES 
ARE  DRAWN  WITH  THE  SAME  FRENCH  CURVE, ROTATED  AROUND  THE  POINT  0.214V) 


1 


TEST  FITTING  OF  &E  OF  FIGURE  Go  AS  A  FUNCTION 

OFVV"1 

FIGURE  8b 
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Tha  reduction  of  the  barrier  height  by  en  electric  field  (the 
Schottky  effect}  ia  given  theoretically  by 

1 

Ag  (in  eV)  -  3*79  x  I0‘k  (|  )2  (5) 

with  F  in  volt/cm  and  e  in  ega  unita.  For  CdS,  c  ■  9,  so  that  compariaon 
of  (5)  with  (4)  yields  for  this  sample  an  equivalent  distance  d  across  which 
the  voltage  V  is  applied  giving  rise  to  the  field  F; 

-4  2 

(For  sample  36B}  d  ^  *  0,13  x  l0"  cm  (6) 

Since  the  gap  between  the  source  and  drain  electrodes  is  designed 
to  be  about  15  microns,  the  value  0.I3  microns  suggests  either  that  the  real 
gap  of  consequence  is  much  smaller  than  the  wire  mask 'used,  or  that  the 
voltage  drop  is  across  a  barrier  layer  of  O.I3  micron  thick  and  the  field 
is  negligible  elsewhere  in  the  CdS  film.  Since  there  are  no  complete  sets 
of  measurements  for  other  samples,  the  values  of  d  have  not  been  obtained 
for  these  samples  for  the  purpose  of  comparison  with  the  sample  36B  used. 

’  For  completeness  sake  the  temperature  dependence  of  the  trans¬ 
conductance  of  the  sample  36B  has  been  measured  between  300  and  4l5*K  at 
VSD  "  10  volt*>  dc  VSG  ”  0*  ac  VSGb  3  v0*t8'  1  kc  frequency.  The  result 
is  shown  in  Figure  9.  It  is  Interesting  to  note  that  the  value  of  the 
activation  energy  from  the  data  is  0  105  ♦  0.015  eV,  to  be  compared  with 
the  data  at  10  volts  in  Figure  8a. 

4.1.3  Experiments  and  Intepretation  on  Class  (2)  Triodes 

For  the  class  (2)  triodes  many  experimental  difficulties  were 
encountered  in  the  attempts  to  perform  measurements  similar  to  those  for 
the  class  (l)  triodes.  The  difficulties  stem  mostly  from  the  fact  that 
at  VS(,*  0  the  current  ISB  is  very  small  at  reasonable  VSD,  so  that  measure¬ 
ments  similar  to  4.1.2. 1  are  not  reliable.  The  temperature  dependence 
measurements  require  heating  rather  than  cooling  tha  sample,  and  this 
markedly  contributes  to  changes  in  tha  physical  and  electrical  propartias 
as  a  function  of  time.  Only  qualitative  results  can,  therefore,  be  dis¬ 
cussed  here. 
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TRANSCONDUCTANCE  VS.  TEMPERATURE 
FIGURE  9 
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For  VgG»  0,  the  IgD  drift*  up  at  a  given  V^-  const.  Th*  drift 
tima  la  vary  long,  of  th*  ordar  of  hours.  At  sufficiently  high  VgQ«  const, 
i.a.,  whsn  IgD  is  sufficiently  large,  ISD  drifts  down  after  VgD  is  turned 
on.  The  drift  tii «  it,  rathsr  fast,  of  the  order  of  seconds.  At  low  V^, 
the  drift  up  characteristic  prevails. 

The  conduction  mechanism  requires  an  activation  energy  of  0.2  eV 

or  more. 

The  modulation  as  a  function  of  temperature  with  a  two-second 
gate  voltage  pulse  seems  to  have  a  maximum.  The  maximum  is  at  lower 
temperature  for  a  higher  gate  voltage,  for  the  range  +  8o°C  about  room 
temperature.  The  temperature  “position**  of  the  maximum,  however,  coincides 
with  the  transition  of  “drift-down"  (high  temperature  portion)  and  "drift-up" 
(low  temperature  portion)  of  Ig^,  and  thus  may  be  fortuitous. 

Interpretations  on  these  experiments  wculd  be  premature  at  this 
time.  Some  discussion  will  be  made  in  connection  with  other  experiments 
to  be  described  later,  however. 

h.l.U  Semlquantitative  Measurement  of  the  Source-Gate  Field 

In  order  to  aid  In  the  interpretation  of  the  experimental  results 
and  Judge  which  reasonable  mechanism  could  be  operative,  it  is  necessary  to 
know,  at  least  comparatively,  the  magnitude  of  the  field  in  CHS  due  to  the 
gate  voltage.  The  experimental  arrangement  shown  in  Figure  10a  would  allow 
an  estimate  of  this  field.  As  the  voltage  Ve„  is  applied,  there  is  a  finite, 
but  small,  gate  leakage  current.  The  usual  geometry  of  the  triode  is  such 
that  CdS  thickness  is  about  0.5  p,  SiO  thickness  about  0.5  p  and  the  source- 
drain  distance  of  about  lOy.  The  gate  width  is  much  larger  than  lOy  in 
practice,  and  so  the  gate  can  be  considered  as  an  infinite  plane  relative 
to  the  thicknesses  and  the  gap  width.  Such  is  the  case  depicted  in  Figure  10b, 
where  the  electrostatic  field  Vg  in  Figure  10a  arrangement  would  reach  the 
potential  (^)  .  where  V£G  is  the  maximum  voltage  drop  across  any  part 
of  the  CdS  (provided  V^G  4  1/2  VgQ),  and  t  are  the  gap  width  and  CdS 
thickness,  respectively.  Since  usually  d  »  t,  read  in  this  experiment 
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(a) 


GATE 


FIGURE  10:  (a)  SCHEMATIC  DIAGRAM  FOR  MEASUREMENT  OF  THE 
MAXIMUM  GATE  VOLTAGE  DROP  IN  THE  CdS  LAYER 

(b)  THE  SOURCE -GATE  LEAKAGE  CURRENT  STREAMLINES 
(SCHEMATIC)  (FOR  d»!,W/t  REPRESENTS  THE  ORDER  OF 
MAGNITUDE  OF  THE  GATE  FIELD  IN  CdS  NEAR  THE  SOURCE) 
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la  tha  naxtnua  volUga  drop  acroaa  tho  Cdf  layar  whan  tha  gata  it 
appllad.  (V__-  V  )  than  la  tha  aum  total  of  tha  remaining  voltaga  drop 
acroaa  tha  S10  layar  and  tha  Intarfaca  SiO-CdS.  Tha  maximum  flald  in 
tha  CdS  layar,  In  tha  raglon  batwaan  tha  aourca  adga  and  tha  gata  la, 
tharafora,  of  tha  order  of  V  /t  whan  Ve_  la  applied. 

I  OU 

Tha  values  of  V  vs  V_„  are  plotted  In  Figure  11  for  tha  claaa 

6  av) 

(1)  triode  (sample  36B),  and  a  class  (2)  trlode  (sample  51B-3)*  Tha 
interesting  feature  in  Figure  lib,  namely,  a  negative  slope  region  in 
the  case  VgG>  o,  is  common  in  all  the  class  (2)  trlodea  taated.  It  can 
be  said  from  the  testing  of  the  class  (2)  samples  (showing  saturation 
characteristic  of  Figure  3)  that  the  mechanism  responsible  for  such 
negative  slope  behavior  is  probably  also  causing  the  saturation 
characteristic. 


Writing  FgC  in  CdS  as  S J t  and  Fg^  as  VgD/ d  for  a  first 

,/F.«  is,  tharafora,  V  d/V  t,  or 


SD  - - -  a  SD 

obtained  for  data  similar  to  those 


approximation,  the  ratio  of  Fgg 

where  c  is  the  ratio  V  /V.. 
in  Figure  11.  Thus  if  ^  ratio  is  20  than  c  naads  to  be  only  larger  than 
0.03  in  order  to  have  in  soma  region  FgG  >  F^  at  tha  same  applied  voltages 
VSD  *  VSG‘  Therefore,  «  criterion  of  classification  for  tha  class  (l) 
and  (2)  trlodas  can  perhaps  ba  stated  as  Fgc  <  Fg„,  and  FJC »  F^, 
respectively,  for  tha  same  voltages  applied.  Note  that  from  Figure  lib, 

V  is  almost  0-5  Ve„.  If  7  ■  20,  tha  field  ratio  F__/  F_„  for  thla 
sample  can  be  as  larga  as  10  at  the  operation  point  VgD»  VgG>  In  a 
current-carrying  case,  however,  the  field  ratio  is  a  very  strong  function 
of  position,  and  will  ba  discussed  later. 


4.1.5  Overall  Discussion  of  tha  Experimental  Results,  and 

Comparison  with  tha  Theories _ 

From  tha  experimental  results  described  above,  one  nay  aunamrlse 
tha  main  points  as  follows : 

(a)  Tha  conduction  mechanism  batwaan  tha  source  and  drain 
requires  an  activation  energy.  For  class  (l)  triodas  tha  activation  energy 
is  0.21  aV.  Correction  for  tha  heating  affact  is  necessary  at  higher  power 


(o)  SAMPLE  sea ,  CLASS  l 


VOLTAGE  DROP  IN  CdS  AS  A  FUNCTION  OF  THE  GAT^  VOLTAGE 
I  AND  n  DENOTES  SOURCE -DRAIN  POSITIONS  INTERCHANGED 

FIGURE  II 
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density  of  Joule  hosting*. 

(b)  The  setivstion  energy,  for  close  (1)  tr lodes,  is  dependent 
on  the  spplied  voltages,  in  a  manner  closely  approximeted  by  A  I 

(c)  V  obtained  in  the  manner  described  above  is  very  samll 
compared  to  for  the  class  (1)  triodes,  whereas  it  is  not  so  very  small 
in  the  class  (2).  Moreover,  the  class  (2)  triodes  exhibit  V  anomally  as 
VSG  is  increased  positively. 

It  is  very  Instructive  now  to  consider  the  fitness  of  the  three 
theories  on  the  modulation  mechanism  when  applied  to  these  experimental 
results.  Of  the  latter  we  regard  the  experiment  described  in  Figure  10 
and  the  results  in  Figure  lib  as  most  instructive.  It  must  again  be 
emphasised  that  the  “anomally*  in  Figure  lib  is  common  in  all  class  (2) 
triodes,  and  not  associated  with  breakdown. 

Take  first  the  theory  of  Interface  charges^'^'^).  The  situa¬ 
tion  described  in  Figure  10  would  necessitate  the  monotonic  increase  of 
V  as  a  function  of  V__ .  The  dependence  of  V  on  V_„  via  this  mechanism 
may  be  suprallnear,  or  saturn ►'on-like  caused  by  shielding,  etc.,  but  will 
certainly  not  contain  the  anomally  as  in  Figure  lib.  It  is  also 
interesting  to  note  that  if  the  electric  field  in  CdS  between  the  source 
and  gate  is  very  high,  then  the  interface  charge  density,  defined  by 


/°  S  mP  i 


H  F1  '  c2F2 


(7) 


where^g  is  the  charge  in  the  surface  states,  usually  neglected  or 
regarded  immobile,  and  subscripts  1  and  2  are  for  the  S10  and  CdS 
respectively.  Since  6g  3  the  mobile  charges  (ejF^  -  CgFg)  will 
be  very  small  if  Fg/v  1/3  F^,  or  even  would  become  of  the  wrong  kind 
if  Fg>  F^  as  might  be  possible,  although  unlikely,  in  a  very  high 
resistivity  CdS. 

In  order  to  explain  the  anomally  observed  in  this  experiment 
on  the  class  (2)  triodes  "excess*  space  charge  injection  and  trapping  in 


a 

The  critical  Joule  power  level, of  course,  depends  on  Individual  thermal 
conditions. 
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CdS  oust  be  invoked,  in  such  a  way  that  tha  gate  field  in  Cd8  will 
eventually  eauae  apace  charge  to  accumulate  in  tha  region  near  tha 
drain  electrode  in  the  experiment  depicted  in  Figure  10a,  decraaeing 
tha  voluge  drop  (due  to  leakage  current  etreauiline  in  Figure  10b) 
reaching  equilibrium  near  aero*.  The  mechanism  by  which  thie  may 
occur  followa. 

One  firat  notea  that  the  experiaent  currant  in  Figure  y  can 

be  very  large,  and  therefore,  the  current  denaity  la  large,  of  the  order 

2 

of  more  than  1  amp /cm  when  active  area  of  the  source  electrode  la 
taken  into  account.  Such  large  current  density  can  be  drawn  only  when 
the  contact  barrier  height  source -CdS  Is  not  blocking,  which  is  also 
the  necessary  assumption  in  tha  Interface  charge  mechanism.  The 
experiments  described  in  b. 1.2.1  and  k.l.2.2,  establishing  the  need 
for  the  modulatable  activation  energy  will  not  explain  the  anonally 
observed  as  in  Figure  lib,  if  the  activation  energy  la  assigned  to  the 
traps,  however,  then  all  the  experimental  behaviors  can  be  at  least 
qualitatively  accounted  for,  as  follows. 

As  the  source-CdS  contact  is  taken  to  be  non-blocking,  there 
will  be,  by  diffusion,  some  space-charge  free  electrons  in  CdS  in  the 
vicinity  of  tha  source,  creating  an  electric  field  against  further 
increase  of  such  diffusion.  The  space  charges  in  this  CdS  region  will 
be  partly  mobile  and  partly  trapped.  As  the  positive  voltage  is  applied 
to  the  gate  with  respect  to  the  source  for  a  sufficient  (short)  tlsw,  the 
field  in  CdS  maintained  by  the  voltage  drop  along  the  leakage  current 
streamlines  allows  more  electron  diffusion  from  the  source  into  CdS.  Now, 
as  shown  in  Figure  10b,  there  is  a  positional  gradient  of  the  field 
strength  (^F/  <)  x)  where  F  is  the  field  and  x  is  the  distance  along  tha 
source-drain  direction.  One  may  write 

hi  mhL  ±1  *1  (Q\ 

>x  *  &K  ar  •  Tt  K  ) 


The  equilibrium  cannot  be  aero  or  negative,  because  the  space  charge  is 
caused  by  the  field  which  in  turn  is  caused  by  the  current  streamline, 
whose  voluge  drop  must  remain  positive. 
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vhars  n  la  tha  mobila  apace  charga  denalty 
E  la  the  Crap  depth 

F  la  Che  magnitude  of  tha  field,  a  function  of  poaltlon  (x,y). 

in  eatabliahad  ( regard - 
may  be  complice* 

O  * 

ted  algebraically,  but  lta  qualitative  variation  muat  be  similar  to  that 
shorn  in  Figure  10b.  Thus  must  exist,  giving  rise  to  the  diffusion 

current  of  space  charges, 

jd  -  ■  e*kT  if  ’  <*> 

if  JQ  can  be  drained  off.  Since  tha  experiment  is  designed  as  in  Figure  10a, 
such  migration  is  stopped  when  the  electrons  accumulate  sufficiently  at  the 
"drain"  electrode  to  oppose  such  flow.  Such  electron  accumulation  depresses 
Ve  and  keeps  it  low  as  observed. 

Since  the  S10  undoubtedly  forms  a  blocking  contact  against  the 
gate  electrode,  such  space  charge  anomally  cannot  occur  when  is  nega¬ 
tive. 


The  existence  of 


ft -ft 


has  already  1 


less  to  the  physical  nature  of  E)  in  Section  4.1.2 


The  flow  of  the  space  charge  along  the  negative  density  gradient 
builds  up  the  electrostatic  field  against  further  flow.  Therefore,  the 
field  in  the  bulk  of  CdS  as  discussed  above  is  correct  only  at  the  instant 
of  voltage  application.  For  example,  the  electrons  trapped  in  the  region 
between  the  source  and  gate,  when  freed,  will  travel  to  the  CdS-SlO  inter¬ 
face  and  hence  cancel  the  field.  This  is  the  reason  why  when  there  is  no 
drain  voltage,  the  circuit  of  Figure  10a  cannot  produce  current  in  the 
source-drain  circuit  at  constant  V^,  as  the  charges  accumulated  on  the 
boundaries  of  CdS  cancel  the  internal  field  completely.  If,  however,  one 
considers  the  possibility  of  indefinitely  maintaining  such  "instantaneous" 
field  configuration  by  properly  injecting  and  draining  out  the  driven 
charges,  then  one  can  say  that  the  "saturation"  current  of  the  class  (2) 
device  occurs  when  tha  drainage  is  just  enough  to  maintain  the  field 
configuration.  Further  increase  in  drain  voltage  will  not  increase  tha* 
current  if  most  of  the  voltage  drop  is  near  the  drain  (see  below). 
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Figure  12  depict*  the  “saturation*  case,  i.e.,  when  i* 
caused  by  the  gate  field  while  the  aource-drain  field  ie  taken  as 
negligible  in  such  gradient-creation.  This  approximation  holds ,  as  may 
be  seen  later,  except  near  the  positive  drain.  Since  the  current 
density* 


-  ejikT 


JF*  JD 


(10) 


(where  -j-j  is  taken  as  due  to  VgG,  Fx  is  taken  to  be  due  to  VgD)  is  to  be 
continuous,  i.e.,  independent  of  x,  (cf.  Figure  12c)  the  component  field 
current  must  be  equal  to  J  -  or 


Jp  -  n«uFx  ■  const  +  epkT  (11) 

in  such  a  way  that  F  can  be  obtained  by  dividing  Jp(x)  by  n(x).  (See 
Figure  12d. ) 

It  is  noted  that  if  the  diffusion  current  is  a  rapidly  varying 
function  of  position,  then  the  source  drain  field  is  strong  only  near  the 
drain  justifying  the  saturation  criterion  assumption,  since  an  increase  in 
Vgp  apply  itself  to  the  low  charge  density-high  field  region.  At  some 
point  the  current  is  almost  totally  carried  by  the  diffusion  term.  It  is, 
therefore,  of  interest  to  calculate  the  magnitude  of  the  diffusion  current 
near  its  maximum  value. 

The  field  due  to  the  gate  Fy  -  FgG  »  f(cV)  is  regarded  as  in  the 
direction  normal  to  the  film  (valid  when  x  >  t,  the  CdS  film  thickness)  so 
that  from  conformal  mapping' ^one  obtains 

Fy  "  t  (1  +  3  e80)  ^  (12) 


e  and  p  are  both  taken  as  positive  numbers . 


-29- 


where  0  Is  related  to  x  by 


*  -  i  <*  ♦  *% 


(13) 


'(x) 


le  the  voltage  at  the  SiO-CdS  interface,  assumed  constant. 
It  is  easily  shown  that  for  large  x 


d 


/  mJfdfer* 


- 1 
X  2 


W 


Now  writing  the  mobile  excess  charge  density  in  equilibrium  with 
the  shallow  traps  as* 


one  finds 


n  (x)  -  Nc  e  "E(x)/kT 


in  ^n  9  E  Iff 
"  ~5*  bVT 


(15) 


i  x 


1  79  X  lo'4  NC  -  3-79  X  lg  J  V 

-  I^T#"  0255  •  °-0258  •  •  0.0258  | 

^  (16) 

where  jA  *  3*79  x  10  4  c  -  ®  has  been  used  (equation  5),  and  T  •  298*1. 

01r  19 
N  stay  be  taken  as  10  7  cm  J. 

c  3 

Note  that  according  to  (16)  ■j”  dependence  on  x  has  no  maximum. 


cf.  1st  Quarterly  Report: 


n  a 


N  N 
_ Si _ £_ 


N  ♦  N. 

c  t 


tR/kT 


where  N  and  N  ere  the  trap  deneity  end  the  conduction  bend  density  of  states, 
respectively,  Sind  I  the  trap  depth.  Now  if  Nt  .  e*'**  >\N  .  true  when  M  >}2.9  x  10  3 
cm" j  at  room  temperature  for  R  •  0.21  eV,  then  equation  (15)  is  valid.  For  a 
strong  field  case  when  E  •  0.1  eV,  N  must  be  much  greater  than  2.1  x  lol7  cm*3 
for  eq.  (15)  to  hold.  Since  for  polycrystalline  thin  film  Nfc  may  be  of  the  order 
of  lQl?  or  10^  ca~3,  eq.  (15)  appears  to  be  quite  safe. 
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Thla  is  bacausa  we  use  tha  condition  x»  t.  tinea  ^  -#  o*  as 
x  o  and  negative,  thara  must  ba  a  maximum  at  some  x>  o.  Tha 
calculation  of  tha  position  of  thia  maximum  ia  vary  tgdious,  and  ao 
for  an  order  of  magnitude  calculation  it  la  reaaonable  to  aaauma  that 
tha  maximum  of  Jp  la  near  x  •  t.  If  ao  tha  charge  denaity  gradient 
becomea 


if  t  la  expreasad  in  microna.  With  an  aaaumad  (near  experimental)  value 
of  n<v  0.9  cm2/volta-aec.,  and  electrode  edge  of  0.3  cm  along  tha  gap,  the 
“saturation*  currant  at  room  tamparatura  la  approximately 


I8D»10-6  ,°  «3  ft* 


(18) 


The  *saturationM  aource-drain  currant  for  thia  "common*  claaa  (2) 
triode  ia  plotted  agalnat  the  CdS  equivalent  field  V/tc  in  Figure  13.  Note 
that  V  ia  tha  voltage  drop  acroaa  tha  CdS  layer  between  tha  eource  and  tha 
gate  due  to  a  gate  voltage  Vg^.  V  may  be  of  the  order  of  a  email  fraction 
of  VgQ  (aee  Figure  11). 

Equation  (18)  may  exhibit  IgD  va  V  almilar  to  the  aquare  law  if 
V/te  la  in  the  range  near  unity,  and  would  fit  log  I  va  V'V  acheme  if  /v/tc 
la  much  larger  than  unity,  aa  uaed  in  Figure  13.  It  may  even  follow 

1/2 

I  y  acheme  if  qV/tc  ia  very  amall.  Generally,  the  aaturatlon  current 
(cf.  Figure  3)  occura  when  VgQ.  Tha  experimental  reaulta  for  the 


From  the  conformal  mapping  atandpoint  alone.  Actually  tha  alactrone  In 
the  aource  do  diffuae  .thermally  into  the  CdS  region  x*  o  regerdleaa  of  the 
field,  and  the  value  "j—  in  CdS  may  not  have  a  maximum.  It  ia  thought  that 
tha  field  F  should  merely  go  to  aero  aa  x  approachea  zero  (cf.  Figure  12d). 
In  auch  a  caaa  the  estimate  of  tha  saturation  current  by  (17)  should  perhaps 
have  uaed  an  equivalent  x  <  t  value  for  the  assumed  maximum.  By  lumping  tc 
together,  however,  we  combine  the  two  uncertain  quantities  as  one.  The  d.c. 
dielectric  constant  of  CdS  is  usually  9>  hut  for  Schottky  type  expression,  < 
la  merely  an  unknown  effective  dielectric  constant  in  the  atomic  range. 
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class  (2)  trloda  usually  show  that  tha  saturation  currant  (at 

VB-»  V__)  is  dependant  on  V-„  in  a  Banner  similar  to  that  shown  in 
50  SG  Su  p 

Figure  13,  i.e.,  faster  than  type  dependence. 

In  the  approxiaata  derivation  of  the  saturation  current  given 

above,  no  consideration  is  given  to  the  source  drain  distance  other  than 

that  the  diffusion  current  is  a  rapidly  decreasing  function  of  x  (cf. 

equation  16).  The  criterion  for  saturation  to  occur  is  also  vague.  Here 

than  the  conducting  channel  along  the  Interface  of  CdS  and  810  layers 

may  come  in  as  the  drainage  mechanism,  since  the  charges  freed  from  the 

traps  will  originally  drift  toward  the  Interface  under  the  influence  of 

(2) 

Fy.  This  drainage  mechanism  yields  saturation'  •  at  VgD  »  V^,  and  the 
field  configuration  in  the  region  near  the  drain  must  differ  from  the  case 
considered  above.  However,  tha  magnitude  of  the  IgD  is  limited  by  the 
trap  emptying  process  in  series  with  such  channel  conduction.  Since  the 
field  configuration  near  the  source  is  not  much  affected  by  the  drain 
mechanism,  the  magnitude  of  the  saturation  current  given  by  equations 
(15)  (18)  should  still  hold.  Exact  treatment  on  this  subject  will  be 

left  for  the  future,  in  order  to  yield  the  device  design  of  the  class 
(2)  triodea. 

For  class  (l)  triodes,  Figures  2—8  show  that  if  the  trap 
model  is  adopted,  then  apparently  the  drain  voltage  exerts  the  trap 
emptying  influence,  while  the  small  field  due  to  the  gate  (cf.  Figure 
11a)  merely  adds  vectorially  to  the  field  of  the  drain.  Since  the  trap 
emptying  depends  on  the  magnitude  of  the  field,  the  modulation  can  be 
affected  by  both  positive  and  negative  gate  bias.  It  turns  out  that  at 
VSG  “  10  volt*>  ve  *  cVgG  of  sample  36B  (Figure  11a)  is  about  0.026  volt,  so 
that  the  field  is  520  volts/cm  for  the  CdS  layer  of  0.5  p  thick.  Such  a 
field  would  contribute  to  a  change  of  the  barrier  height  by  slightly  leas 
than  0.003  *V.  This  should  correspond  to  the  differences  in  the  2  curves 
of  Figure  8a  at  V  ■  10  volts.  Inspection  shows  that  such  is  affirmsd. 
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4.2  BliiiB  •«*  fabrication  °LEl£l±lIUS&  l£lfl&£ 

4.2.1  Wire  Masking  of  the  gourd  Brain  Can 

The  wire  making  technique  la  now  tha  a  tandard  mthod  of  Cona¬ 
tion  of  tha  source-drain  gap.  Hoat  working  davleaa  ara  mda  ualng  15 
micron  wlra  to  maak  a  gap  approxlmtaly  tha  aaaa  width.  However,  the 
tachnlqua  has  baan  raflnad  to  permit  tha  handling  and  uaa  of  wlra  2.5 
microns  in  diamtar  and  production  of  similarly  alaad  aourca-draln  gapa. 

Davleaa  utilizing  aourca-draln  gapa  of  thaaa  dimensions  have  baan 
produced  but  tha  experimental  Results  obtained  from  these  devlcea 
indicated  that  this  fine  spacing  does  not  produce  the  increase  of  trane- 
conduc tance  expected  from  theoretical  considerations. 

4.2.2  Deposition  and  Control  of  Insulating  Laver 

The  insulation  layer  used  in  device  febrlcatlon  had  been  alx  minim 
in  the  Intensity  of  reflected  green  light  8000  A)  of  silicon  monoxide 
deposited  In  two  layers  at  different  temperatures  to  enhance  both  ita 
adherence  and  insulation  properties.  It  was  felt  from  theoretical  considera¬ 
tions  that  decreasing  the  insulation  layer  thickness  would  produce  signi¬ 
ficant  device  improvement.  Due  to  the  malfunction  of  the  optical  monitor, 
no  precise  method  of  controlling  film  thickness  during  deposition  was 
available.  However,  a  program  utilising  visual  observation  of  color  changes 
as  a  mthod  of  controlling  thickness  was  instituted  to  determine  tha  affect 
of  decreasing  the  insulation  thickness. 

All  devices  mde  in  this  test  had  the  CdS  layer  deposited  et 
800*C  source  temperature,  300*C  substrate  tempereture,  end  30  minute  tlm 
of  deposition.  The  results  of  this  experiment  ara  shown  in  Table  X. 

These  results  show  an  obvious  improvement  in  device  perform nee 
as  the  810  thickness  is  decreased.  Although  the  values  of  dc  transconductance 
are  not  greatly  improved  over  devices  seen  in  the  past,  tha  ae  trane conductance 
of  these  samples  is  substantially  above  any  observed  at  this  time.  Mora 
complete  data  on  these  devices  are  given  in  the  measurements  section  of  this 
report.  Another  noticeable  change  in  the  device  characteristics  is  seen  la 
the  current-voltage  curves.  As  tha  810  is  mde  thinner  the  device  tends  to 
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be  more  saturating.  It  was  also  found  that  thasa  thinner  SiO  films  retained 
their  insulating  properties  and  adherence  was  a  less  critical  factor. 

TABLE  I 

Device  Properties  vs  Insulation  (810)  Thickness 


Color  Changes 

Thickness 

(Approx.) 

Transconduc  tance 

DC  AC 

1-V  Characteristics 

4 

5400A 

50-100  (imho 

non-saturating 

3 

4100A 

100  (imho 

non-saturating 

2 

2700A 

1000  (imho 

400  umho 

saturating 

1 

1350A 

1500  (imho 

625  (imho 

saturating 

4.2.3  Deposition  and  Control  of  CdS  Laver 

The  effect  of  thickness  of  the  CdS  layer  on  device  performance  was 
also  studied.  For  this  series  of  devices  the  SiO  thickness  was  held  constant 
at  two  minima  in  the  intensity  of  reflected  green  light  (A  2700A)  one  deposited 
at  300*C  substrate  temperature  and  the  other  at  150*C. 

At  the  beginning  of  this  test  the  only  monitor  of  CdS  thickness 
was  the  time  of  deposition,  which  was  generally  set  at  30  minutes.  It  was 
felt  that  thinner  CdS  would  achieve  better  results  so  first  experiments  were 
carried  out  by  decreasing  the  deposition  time.  Also  it  was  found  that  color 
changes  could  be  observed  for  this  material.  This  method  of  monitoring  thick¬ 
ness  was  used  for  later  experiments. 

First  experiments  were  carried  out  at  300*C  substrate  temperature, 
but  it  was  found  that  raising  the  substrate  temperature  to  350*C  Increased  the 
device  output  resistance  by  a  factor  10  and  generally  improved  the  device 
characteristics.  The  results  of  these  experiments  are  shown  in  Table  11. 

The  results  shown  sre  not  felt  to  be  conclusive  due  to  changes  Mde 
in  the  deposition  equipment  and  positioning  of  the  monitor.  Also  the  thickness 
of  those  devices  monitored  only  by  timing  is  somewhat  in  doubt.  These  experi¬ 
ments  ere  being  repeated  and  more  complete  information  for  the  350*C  substrate 
temperature  is  being  obtained. 
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TABLE  II 


4.3  Measurements  on  Field  Effect  Trlodea 

4.3.1  XwwriMDt  of  the  Characteristics  of  Field  gffact  Triodae 

Tho  measurement  of  tho  ac  characteristics  of  fiald  affact  triodes 
aa  described  in  4.3. 1  of  tha  Sacond  Quartarly  Raporc  la  vary  aeeurata  and 
raallatic  aa  tha  trioda  ia  taatad  in  an  anpllflar  circuit.  Tha  ac  character* 
iatica  can  ba  determined  over  a  vide  range  of  operating  conditiona  and  aignal 
frequencies,  but  tha  aaaaurementa  are  vary  time  conauming  and  tha  raaulta 
cannot  ba  recorded  automatically.  For  a  faat  routine  taating  of  fiald  effect 
devicea  one  of  tha  Tektronix  curve  tracara  a earned  to  ba  more  aui table.  Tha 
alaetron-tuba  curve  tracer  type  570  probably  will  fit  our  requirements  batter 
than  tha  tranaiator  taater  type  575  aa  the  570  will  deliver  voltage  stapa  for 
tha  gate  directly,  has  a  wide  range  of  load  raaistora,  and  allows  higher 
biasing  of  the  gate.  The  dc  biaa  at  the  gate  has  to  be  measured  externally, 
however.  The  steps  of  the  gate  voltage  are  produced  by  a  saw  tooth  generator 
with  a  frequency  of  120  cps. 

As  shown  in  Figure  3  of  the  Second  Quarterly  Report  the  trana- 
conductance  of  a  typical  field  effect  device  is  about  constant  at  frequencies 
between  more  than  100  cps  and  the  cut-off  region.  Therefore,  the  curve  tracer 
should  display  the  true  ac  characteristics  of  the  device.  This  was  confirmed 
by  experiments. 

The  Tektronix  curve  tracer  type  570  seems  to  be  the  most  suitable 
tester  for  routine  measurements  of  the  drain  family,  transconductance,  input 
and  output  impedance  at  one  frequency.  It  eliminates  the  need  for  a  dc  taster, 
but  the  test  circuit  described  in  the  previous  report  is  still  necessary  if 
the  frequency  dependence  of  the  device  characteristics  is  of  particular 
interes  t . 

4.3.2  Time  Stability  of  Thin  Film  Triodes 

The  dc  characteristics  of  one  typical  field  effect  device,  the 
aource-draln  resistance  rQ  without  gate  bias,  the  gate  resistance  r^n  and 
the  transconduc tance  at  an  arbitrary  operating  point  VD  ■  4  volts,  VQ«  7  volts 
were  measured  over  120  days.  The  results  are  given  in  Figure  14  . 


AGING  DATA  ON  A  FET 
FIGURE  14 


The  data  taken  aftar  78  daya  art  vary  Irregular  In  all  respects. 

If  thasa  data  are  naglectad  one  can  aay  all  examined  properties  increase 
with  time,  the  rate  of  change  decreasing  aftar  tto  first  25  days.  This 
behavior  may  be  obtained  assuming  an  annealing  process  which  improves  the 
structure  of  the  CdS  film.  Simultaneously,  favorable  annealing  of  the  S10 
layer  takes  place  as  indicated  by  the  reduced  conductivity  of  this  layer. 

The  study  indicates  that  the  characteristics  of  our  field  effect 
devices  do  not  deteriorate  within  4  months,  but  Improve.  As  it  is  most 
desirable  to  have  stable  characteristics,  the  effect  of  an  accelerated 
annealing  of  the  device  at  elevated  temperatures  should  be  investigated  in 
the  future. 

4.3.3  Effect  of  Electrode  Configuration  on  the  1^-  VQ  Characteristic 

In  our  typical  thin  film  device  the  gate  electrode  is  3  or  4  times 
wider  than  the  gap  between  the  source  and  drain  electrodes.  The  gate 
electrode  can  be  aligned  symmetrically  or  non-synmetrically  with  respect  to 
this  gap.  In  a  symmetrical  arrangement  source  and  drain  electrodes  are 
interchangeable  without  change  in  the  characteristic  of  the  device  arrange¬ 
ment.  This  is  not  true  for  a  non-symmetrlcal  arrangement.  The  effect  depends 
on  the  degree  of  non-symmetry  and  is  particularly  pronounced  in  samples  which 
show  saturation  of  the  drain  current.  Figures  15  and  16  represent  an 
extreme  case.  Figured  shows  a  photograph  of  the  device.  The  gate  is  4  times 
wider  than  the  gap  and  extends  from  one  edge  of  the  gap  over  the  other  edge. 

The  drain  characteristics  of  the  device  are  shown  in  Figure  lj  •  In  Figure  16a 
the  gate  extends  over  the  drain  electrode.  The  device  shows  a  low  trans¬ 
conductance  of  about  5  micromhos,  but  a  good  saturation  of  the  drain  current. 
Figure  16b  shows  the  drain  family  for  tha  reversed  source-drain  polarity.  The 
transconductance  increased  to  25  pmho  but  the  dynamic  drain  resistance  dropped. 
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PHOTOMICROGRAPH  OF  FIELD  EFFECT  TRIODE  GATE 
AND  SOURCE -DRAIN  GAP 

FIGURE  15 


DRAIN  CHARACTERISTICS  OF  A  FI  ELD  EFFECT  TRIODE 


FIGURE  16 
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BASE  ELECTRODE  #2 


BASE  ELECTRODE  *1 


GATE  ELECTROOE 


SOURCE  -  DRAIN  GAP 


PHOTOMICROGRAPH  OF  FIELD  EFFECT  TRIODE  GATE 
AND  SOURCE -DRAIN  GAP 

FIGURE  15 


FIGURE  16 


Ta«kll:  Space  Charge  Limited  Tr lodes 
4. 4  Theory  of  Space  Charge  Limited  Tr lodes 

In  pravlous  reports,  wa  have  examined  the  one  dimensional  matha- 
metical  expreaaiona  relating  apace  charge  limited  current  to  the  applied 
voltage  in  the  simple  plane  parallel  electrode  sandwich  configuration. 

The  result  of  these  calculations  is  that  the  space  charge  limited  current 
is  proportional  to  the  square  of  the  applied  voltage.  In  order  to 
experience  a  strict  dependence  on  the  square  of  the  applied  voltage,  it 
is  necessary  to  fulfill  several  physical  requirementa . 

When  this  subject  was  discussed  before,  these  requirements  were 
stated  as  guidelines  to  the  development  of  a  space  charge  limited  triode. 
Experimental  work  performed  during  the  last  reporting  period  has  yielded 
results  which  are  a  measure  of  the  extent  to  which  these  requirements  are 
being  fulfilled.  Let  us  consider  them  in  the  order  in  which  they  were 
originally  taken  up. 

First,  it  was  necessary  to  assume  that  the  spatial  variation  of 
the  fields  in  the  dielectric  would  be  such  that  no  diffusion  current 
would  flow  due  to  gradients  in  the  concentration  of  free  carriers.  Although 
it  is  reasonable  to  assume  no  carrier  diffusion  in  the  usual  plane  parallel 
electrode  geometries,  a  case  has  been  found  in  a  sample  made  in  the  field 
effect  triode  geometry  in  which  diffusion  of  space  charges  appears  to  play 
an  important  role.  This  configuration  and  the  measurements  end  their 
interpretation  are  treated  in  considerable  detail  elsewhere  in  this  report. 
Therefore,  only  the  essentials  need  be  repeated  here. 

The  stoat  striking  experimental  result  is  obtained  when  a  positive 
voltage  is  applied  co  the  gate  with  respect  to  the  source  and  an  electro¬ 
meter  is  connected  between  source  and  drain,  allowing  a  potential  measure¬ 
ment  at  impedances  which  are  essentially  open  circuit.  As  the  gate  is 
slowly  made  more  positive,  the  source-drain  potential  experiences  a  time 
dependent  as  well  as  a  voltage  dependent  change  which  can  most  plausibly 
be  explained  in  terms  of  a  diffusion  limited  space  charge  current.  Its 
importance  for  space  charge  limited  triodes  consists  mostly  of  being  an 
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illustration  of  a  case  in  which  this  requirement  was  not  fulfilled. 

Second .  there  was  a  requirement  that  the  electrical  field 
must  vanish  at  or  near  the  surface  of  the  source.  This  requirement  may 
be  stated  in  another  way:  The  source  contact  must  be  ohmic.  The 
contact  must  be  ohmic  in  the  sense  that  it  must  be  able  to  supply  an 
excess  of  electrons  ready  to  enter  the  semiconductor  whenever  they  are 
needed.  The  charge  density  and  field  in  the  neighborhood  of  the  source 
should  be  similar  to  those  encountered  in  the  thermionic  emitter  of  a 
vacuum  tube  operating  under  space  charge  limited  conditions. 

Although  semiconductor  technology  in  general ,  and  experience 
with  cadmium  sulfide  crystals  in  particular  suggested  ways  of  achieving 
ohmic  contacts,  there  was  some  question  about  achieving  these  contacts 
in  evaporated  polycrystalline  cadmium  sulfide  films.  It  is  well  known 
that  surface  states  in  semiconductors  produce  wide  variations  from  the 
theoretically  predicted  barriers  at  metal -semiconductor  interfaces. 
Experience  is  now  showing  that  contacts  made  either  by  evaporating 
metals  onto  cadmium  sulfide  films  or  cadmium  sulfide  onto  metal  films 
are  more  likely  to  produce  ohmic  contacts  than  they  are  to  produce 
blocking  contacts.  For  example,  contacts  made  to  cadmium  sulfide  with 
indium,  gold,  cadmium,  or  chromium  all  make  equally  good  ohmic  contacts. 
Thus,  this  obstacle  to  achieving  space  charge  limited  currents  seems  to 
have  been  easily  overcome. 

Third .  there  was  a  requirement  that  the  ohmic  current,  that  is, 
the  current  of  carriers  in  thermal  equilibrium  with  the  conduction  band 
must  be  negligible  compared  to  the  space  charge  current.  This  is  equi¬ 
valent  to  the  requirement  that  the  transition  time  for  space  charge  current 
across  the  sample  must  be  small  compared  to  the  dielectric  relaxation  time. 
It  was  shown  in  an  earlier  report  that  this  requirement  places  a  lower 
limit  of  10^  ohms/cm  on  the  resistivity  of  the  cadmium  sulfide. 

Many  disappointing  results  have  been  reported  earlier  and 
attributed  to  inability  of  some  of  our  vacuum  systems  to  achieve  the 
necessary  high  resistivity  of  the  cadmium  sulfide.  This  was  particularly 
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disappointing  in  an  all-glass  evaporating  chamber  which  had  previously 
achieved  reaistlvities  well  above  this  value.  The  malfunction  of  the 
glass  system  has  now  been  traced  to  the  gradual  bridging  of  a  thermo¬ 
couple  feed-through  by  stray  deposits  of  cadmium  sulfide.  After  this 
defect  was  corrected.,  the  glass  system  was  again  capable  of  producing 
high  resistivity  films.  More  or  less  coincident  with  this  improvement 
was  the  development  cf  an  indirectly  heated  and  closely  baffled  crucible 
type  source  for  CdS.  This  source  operating  in  a  metal  vacuum  system 
with  glass  bell  jar  also  produces  high  resistivity  cadmium  sulfide.  It 
thus  appears  that  conceptually  and  experimental ly,  conditions  are  right 
for  another  advance  in  space  charge  limited  triodes. 

4.5  Design  and  Fabrication  of  Space  Charge  Limited  Triodes 

4.5.I  Materials 

The  materials  used  in  constructing  space  charge  limited  triodes 
during  this  period  were  essentially  the  same  as  those  used  in  the  previous 
reporting  period.  Cadmium  sulfide  was  used  exclusively  as  the  semi¬ 
conductor  material,  silicon  monoxide  as  the  insulation  layer,  composite 
chromium  and  gold  films  as  source  and  drain  electrodes,  and  gold  alone 
a;  the  gate  electrode.  In  addition,  experiments  were  performed  in  which 
other  source  and  drain  electrode  materials  were  used:  Indium,  chromium, 
and  aluminum. 

As  was  mentioned  abcve  the  low  resistivity  of  cadmium  sulfide 
film  was  gradually  overcome  and  continued  experience  with  the  indirectly 
heated  crucible  source  resulted  in  better  cadmium  sulfide  films.  Better 
control  in  substrate  temperatures  and  resistivities  in  a  range  suitable 
for  space  charge  limited  triodes  were  eventually  achieved  although  too 
late  to  make  any  important  contribution  to  device  work  in  this  period. 

We  have  demonstrated  that  source  and  drain  electrodes  of  different 
materials  can  conveniently  be  made  by  electroplating  a  second  metal  on 
one  electrode  of  a  source-drain  pair,  deposited  simultaneously .  This 
method  was  used  in  a  number  of  experiments  to  plate  one  electrode  with 
indium,  leaving  the  other  electrode  of  chromium  and  gold  alone.  By 
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Interchanging  the  function  of  source  and  drain  between  these  electrodes; 
it  was  possible  to  prove  that  gold  and  indium  electrodes  are  equivalent 
in  contact  with  our  evaporated  CdS. 

In  a  similar  experiment  aluminum  source  and  drain  electrodes  were 
deposited  and  one  of  these  was  then  anodized  in  an  effort  to  create  a  blocking 
layer.  The  results  were  somewhat  confusing  in  that  the  anodized  aluminum 
electrode  was  a  lower  resistance  source  than  the  unanodlzed  aluminum  electrode. 

It  is  anticipated  that  the  plating  approach  can  be  used  for  making 
single  tellurium  or  selenium  electrodes  to  get  a  blocking  layer  at  the  drain. 

A  blocking  contact  at  the  drain  has  been  found  in  the  past  to  enhance  the 
relative  magnitude  of  the  SCL  current  by  suppressing  the  ohmic  current. 

4.5.2  Space  Charge  Limited  Triode  Configurations 

During  the  :  first  third  of  this  reporting  period,  work  was  continued 
on  the  "simplified"  space  charge  limited  triode  configuration  shown  in 
Figure  16  of  the  Second  Quarterly  Report  and  repeated  here  in  Figure  17  for 
reference.  After  a  reasonable  amount  of  effort  it  was  decided  that  this 
configuration  is  excessively  difficult  to  achieve  for  mechanical  reasons. 
Misalignment  of  the  gate  insulation  layer  and  of  the  cathode  accounted  for 
failures  in  nearly  every  unit  that  was  constructed.  Accordingly,  it  was 
decided  to  make  the  space  charge  limited  tr lodes  with  the  same  electrode 
configuration  normally  used  for  the  field  effect  triode. 

Being  aware  now  of  the  difficulties  encountered  in  achieving  high 
resistivity  cadmium  sulfide,  the  results  of  this  change  to  the  field  effect 
triode  configuration  can  be  anticipated.  Many  active  devices  were  made  but 
all  of  thahi  operated  as  field  effect  triodes.  As  field  effect  trlodes  they 
were  respectable  devices  showing  saturation  and  some  of  them  with  trans¬ 
conductances  in  the  enhancement  mode  of  about  250  micromhos. 

It  was  on  this  type  of  device  that  experiments  were  carried  out 
using  different  materials  in  the  source  and  drain  electrodes  leading  to  the 
conclusion  that  indium,  chromium,  or  gold  make  equally  good  source  electrodes. 
Also  it  was  found  that  an  anodized  aluminum  electrode  was  a  better  source 
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SIMPLIFIED  CONFIGURATION  OF  SPACE  CHARGE 
LIMITED  TRDOE 

FIGURE  »7 
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than  an  unanodised  aluminum  electrode  although  aluminum  electrodes  are 
higher  resistance  emitters  than  the  other  metals. 

Thus,  while  the  late  achievement  of  the  means  for  making  high 
resistivity  cadmium  sulfide  interferred  with  making  a  working  space  charge 
limited  triode,  it  was  still  possible  to  carry  out  meaningful  experi¬ 
ments  and  to  make  some  progress  toward  a  successful  device. 

4.6  Measurements  on  Space  Charge  Limited  Triodes 

For  the  reasons  stated  above  no  genuine  space  charge  limited  triodes 
were  produced  during  this  period.  The  devices  produced  actually  performed 
in  the  field  effect  triode  mode  and  were  evaluated  along  with  the  other 
field  effect  triodes. 


fk  III:  Ths  Improvement  of  Cadmium  Sulfide  Flint 
4.7  Post-Deposition  Treatment  of  Cadmium  Sulfide  Films 

This  approach  to  the  production  of  CdS  films  having  properties 
suitable  for  field  effect  triodea  consists  of  heating  the  deposited  film 
in  an  atmosphere  of  hydrogen  or  hydrogen  sulfide  or  a  mixture  of  the  two. 

The  purpose  of  such  a  treatment  is  the  oxidation  of  excess 
cadmium  or  the  reduction  of  excess  sulfur  in  the  CdS  film,  as  may  be 
required  by  the  composition  of  the  deposited  material.  The  relatively  low 
resistivity  of  the  films  deposited  and  the  orange  color  of  the  films  Indicates 
that  we  are  concerned  with  films  containing  excess  cadmium,  so  that  initial 
tests  of  the  effect  of  post-deposition  treatment  have  been  carried  out  in 
a  pure  hydrogen  sulfide  atmosphere. 

The  experimental  arrangement  for  the  H^S  treatment  of  the  films 
is  pictured  in  Figure  18  .  The  purpose  of  the  thermocouples  at  various 
positions  along  the  furnace  tube  is  twofold; 

1.  A  knowledge  of  the  temperature  variations  through  the 
furnace  allows  the  estimation  of  the  temperature  of  each 
sample  when  several  samples  are  treated  simultaneously. 

2.  When  runs  are  made  in  which  incoming  gas  is  saturated  with 
CdS,  it  will  be  important  to  know  how  to  arrange  the 
saturating  source  and  the  sample  under  treatment  so  that 

a  net  loss  or  gain  of  CdS  on  the  sample  is  not  brought 
about. 

The  inner  quartz  tube  contain  g  the  sample  was  used  so  that 
samples  could  be  positioned  relative  to  each  other  and  relative  to  any  CdS 
powder  introduced  and  then  the  whole  unit  placed  in  the  long  quartz  tube. 

This  procedure  is  much  easier  than  attempting  to  introduce  all  these  things 
directly  into  the  long  quartz  tube. 

The  exit  tube  for  the  HgS  enters  a  pool  of  Welch  pump  oil  to 
avoid  back  diffusion  of  air,  especially  when  the  HgS  flow  is  slow  (about 
30  cc/min). 

Samples  for  post-deposition  treatment  were  made  in  duplicate 
pairs  so  that  it  might  be  determined  whether  the  presence  of  gold  contacts 
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EXPERIMENTAL  ARRANGEMENT  FOR  POST- DEPOSITION 
TREATMENT  OF  CdS  FILMS 

FIGURE  18 


SAMPLE  CdS  FILMS  WITH  GOLD 
CONTACT  ELECTRODES 

FIGURE  19 
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on  th«  CdS  during  the  poat -deposition  treatment  (at  500-600*C)  would  have 
any  large  effect  on  the  film.  The  teats  ware  carried  out  as  follows: 

(See  Figure  19  ). 

1.  Two  CdS  films  were  deposited  simultaneously  on 
a  pyrex  substrate. 

2.  Gold  contact  electrodes  were  evaporated  on  one 
of  the  films  (designated  the  "a*  film)  and 
electrical  measurements  were  made  on  that  film. 

3.  The  pair  of  films  was  post -deposition  treated; 
gold  contact  electrodes  were  then  evaporated  on 
the  second  film  (the  *b*  film)  and  electrical 
measurements  were  made  on  it  to  determine  the 

_  effect  of  the  treatment.  Finally ,  a  and  b  were 
compared  with  each  other  after  the  treatment. 

Mo  evidence  was  found  that  the  gold  electrodes  affected  the  film 
during  the  high  temperature  treatment.  Of  course,  no  effect  was  expected 
to  show  up  with  the  configuration  as  shown  in  Figure  19  .  This  does  not 
prove  that  there  is  not  short  range  gold  contamination  of  the  CdS  which 
would  become  significant  in  devices,  where  one  is  concerned  with  dimensions 
of  a  few  microns.  The  possible  short  range  diffusion  of  gold  in  CdS  at 
500  -  600°C  will  have  to  be  determined  in  further  experiments. 

At  present  it  has  been  established  that  the  H^S  treatment  of  the 

*  4 

CdS  film  is  capable  of  raising  the  resistivity  by  a  factor  of  about  10  . 

In  the  first  runs,  mobilities  increased  during  the  treatment  from  about 

o 

1  to  12-18  cm  /volt  sec.  In  later  runs  the  mobility  did  not  change 
considerably,  and  we  believe  that  the  earlier  phenomenon  may  have  been  due 
to  the  presence  of  traces  of  indium  solder  on  the  substrates  which  acted 
as  a  source  of  indium  and  brought  about  doping  of  the  film.  It  does  not 
appear  at  present  that  the  high  temperature  HgS  treatment  in  :  itself  was 
responsible  for  the  increase  in  mobility. 

Table  HI  presents  the  available  data  on  cadmium  sulfide  films 
before  and  after  post-deposition  treatment.  Samples  6,  30>  *<>4  were 
single  CdS  films  as  in  Figure  14  in  the  First  Quarterly  la port.  The 
others  are  double  samples  as  shown  in  Figure  1 9  of  this  report.  The 
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TABLE  III 


Sample 

Source 

T 

Substrate 

T 

ft. 

Ha  F 

Deposition 

Before 

Treatment 

_ a _ u _ 

After 

Treatment 

_ a _ u_ 

6 

800 

»  ~ 

2 

X 

VO 

• 

0 

r-t 

30  min. 

80 

2 

3  x  105 

18 

30 

800 

300 

2 

X 

10"6 

m  m 

106 

<1 

19 

12 

44 

800 

100 

2 

X 

10-6 

m  m 

22 

2 

io6 

<1 

2a 

800 

150 

4 

X 

10-6 

m  m 

4  x  105 

<1 

1010 

41 

2b 

800 

150 

4 

X 

10'6 

m  m 

- 

- 

108 

<1 

6a 

775 

125 

1 

X 

10-6 

m  m 

4  x  103 

<1 

(Broken  film) 

6b 

775 

125 

1 

X 

io‘6 

m  m 

- 

- 

108 

<1 

letters  a  and  b  refer,  respectively,  to  the  film  measured  before  heat  treatment 
and  the  one  measured  only  after  heat  treatment.  The  mobilities  listed  as  less 
than  one  were  too  small  to  be  determined  with  the  apparatus  presently  available. 

The  pre-treatment  electrical  measurements  were  made  on  samples  6, 

30,  and  44  by  soldering  fine  copper  wire  to  the  gold  electrodes  with  tin-indium 
solder.  The  leads  were  then  removed  by  scraping  the  solder  away  with  a  sharp 
blade.  Some  solder  remained  on  the  sample  when  it  was  put  in  the  quarts  tube 
for  treatment,  and  it  is  very  possible  that  indium  and/or  tin  doping  took  place. 
The  pre-treatment  measurements  on  2a  and  6a  were  made  with  the  aid  of  a  special 
holder  with  gold  plated  spring  fingers  which  made  contact  with  the  gold  electrodes 
on  the  sample .  Mo  solder  was  used  until  after  the  post- deposit Ion  treatment. 

The  effect  of  tin  or  indium  doping  will  be  tested  during  the  next  quarter, 
since  the  deta  give  some  indication  that  such  doping  may  enhance  the  properties 
of  the  CdS. 
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4.8  Freparation  of  Cadmium  Sulfide  Films 

4.8.1  Preparation  of  Films  with  Variation  of  8ubstrate  Temperature 

The  relation  between  preparation  parameters  of  GdS  films  prepared 
in  the  glass  vacuum  system  and  device  characteristics  was  studied  further. 

The  results  ere  given  in  Table  IV  .  The  thickness  of  the  Cd8  films  varied 
between  about  0.5  and  1  micron  The  electrical  characteristics  were  measured 
with  a  Tektronix  curve  tracer  Model  570.  In  Figure  JO  the  ac  trans conductance 
of  triodes  taken  from  Table  IV  together  with  data  from  Table  3  (page  28)  of 
the  Second  Quarterly  Report  are  plotted  as  a  function  of  substrate  tempera* 
ture  during  the  CdS  deposition.  Assuming  that  the  low  values  are  due  to  a 
fault  in  sample  preparation  and  the  best  values  are  characteristic  these 
are  connected  by  a  curve  which  then  represents  the  transconductance  as  a 
function  of  substrate  temperature.  An  important  figure  of  merit  for  an 
active  device  is  the  voltage  gain  p  which  is  defined  as  p  a  x  tq,  r^ 
being  the  dynamic  drain  resistance.  The  dynamic  drain  resistance  of 
several  samples  is  plotted  as  a  function  of  CdS  substrate  temperature  in 
Figure  21 .  It  seems  to  be  impossible  to  correlate  these  data,  but  even 
in  the  most  favorable  case  the  calculated  voltage  gain  would  be  less  than 
10.  Therefore,  the  preparation  of  CdS  devices  in  the  glass  system  was 
Interrupted  in  order  to  accelerate  the  work  in  the  new  UHV  system. 

4.8.2  Evaporation  in  the  Ultra -High  Vacuum  System 

During  this  reporting  period  a  new  Ultek  ultra-high  vacuum  system 
with  stainless  bell  jar  equipped  with  an  ion  pump  and  a  titanium  evaporation 
booster  pump  was  installed  and  put  into  operation.  As  the  CdS  films  prepared 
in  the  all-glass  vacuum  system  at  a  pressure  of  10  ^  mm  Hg  gave  better  device 
characteristics  than  CdS  evaporated  in  a  bell  jar  system  at  10*^  mm  Hg,  it 
seamed  to  be  worthwhile  to  study  CdS  films  prepared  at  lower  pressures. 
Therefore,  some  effort  was  devoted  to  the  installation  and  testing  of  the 
UHV  system. 

Furniture  for  the  system  was  designed  and  built  with  three  main 

objectives : 
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1.  To  avoid  gu  traps,  Ilka  acrewe,  which  ara  difficult 
to  pump  out, 

2.  To  raduca  that  contamination  of  tha  ayatam  during  tha 
avaporation  by  propar  ahialding,  but 

3.  Without  raducing  tha  pumping  apaad  significantly  by 
raducad  croaa  aactions. 

In  ordar  to  baka  tha.  ays tan,  atrip  has tars  were  mounted  around 

the  ion  pump  and  the  bell  jar.  Without  baking  the  system,  silicon  monoxide 

-8 

could  be  evaporated  at  7  x  10  an  Hg.  Cadmium  sulfide  could  be  evaporated 
only  at  about  6  x  10~^  mm  Hg  so  far,  but  we  expect  to  Improve  the  vacuum 
by  using  a  modified  evaporation  source  and  by  baking  the  system. 

4.8.3  Evaporation  Sources 

The  form  of  the  evaporation  source  has  a  significant  Influence 
on  the  characteristics  of  CdS  films  evaporated  in  a  bell  jar  system.  First 
an  open  crucible  filled  with  CdS  and  heated  from  the  top  with  a  filament 
was  used.  Then  a  Drumheller  source, which  gave  CdS  film  of  higher  resistivity 
and  greater  uniformity  was  used.  A  further  improvement  was  achieved  by  using 
a  source  which  approaches  a  molecular  beam  oven.  The  conditions  for  free 
molecular  flow  were  first  studied  by  M.  Knud sen.  A  modern  treatment  of  the 
problem  is  given  by  J.  Dustman  and  I.  Estermann. 

The  term  molecular  flow  is  used  for  a  flow  of  molecules  through 
an  orifice  or  tnue  if  the  flow  rate  only  depends  on  the  area  of  opening  and 
the  diameter  of  the  orifice  is  small  compared  to  the  mean  free  path  of  the 
molecules  at  the  pressure  of  effusion.  This  condition  can  be  realised  for 
example  by  heating  a  material  in  a  closed  oven  which  only  has  a  small 
opening.  Molecular  flow  exists  if  the  evaporation  rate  is  much  higher  than 
the  effusion  rate  and  the  mean  free  path  of  the  molecules  at  the  vapor 

pressure  is  smaller  than  the  diameter  of  the  orifice.  The  effusion  rate 

9 

F  of  an  opening  of  area  A  in  cm  in  a  very  thin  plate  is  given  by 

A  v  _  , 

_  _ a  ,3  -1 , 

F  ■  — —  (cnr  sec  ) 
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if  the  average  molecules  velocity  of  a  molecule  with  molecular  weight  M 
et  the  temperature  T*K  ie  given  in 

v4  »  l4#55l'f^"  (cm  eec"1). 

It  follows  that  the  effusion  rate  is  proportional  to  the  reciprocal 
of  the  square  root  of  the  molecular  weight.  The  evaporation  of  CdS  from  a 
molecular  beam  source,  therefore,  would  start  with  a  higher  concentration  of 
sulfur  than  cadmium  in  the  beam.  But  this  will  change  the  composition  of 
the  gas  phase  in  the  oven  until  th*  rate  of  evaporation  and  effusion  of  both 
molecular  species  is  the  same.  Starting  from  stoichiometric  CdS  the  beam 
will  have  a  stoichiometric  composition  after  a  short  transient  period. 

An  attempt  will  be  made  to  improve  our  evaporation  source  to  come 
closer  to  the  ideal  conditions  for  molecular  beams. 
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T««k  IV;  Zinc  Oxide  Ms ter isl  Improvement 
*•9  teffPffaSi.gB.9f  P*14ff 

For  *11  experiments  “Baker  Analysed*  Reagent  Grad*  cine  oxide, 
a  white  powder  wae  used.  Zinc  oxide  has  a  melting  point  higher  than 
l800*C  and  eublimee  at  about  the  earn*  temperature  at  normal  preaaur*.  Mo 
information  about  the  vacuum  dapoaition  of  ainc  oxide  could  be  found  in 
the  recent  literature,  although  much  work  ha*  been  done  on  the  electronic 
behavior  of  ZnO  single  cry* tel*  and  aome  on  aintered  layer*.  Single 
crystal*  are  usually  prepared  by  a  vapor  phaa*  reaction  between  ainc  and 
oxygen  at  1350*C. 

Direct  evaporation  of  sine  oxida  in  a  vacuum  system  was  attempted 
using  several  different  evaporation  sources.  First  a  quarts  crucible  heated 
indirectly  was  used  similar  to  that  described  in  Section  4.5.1  of  the  previous 
report.  At  the  high  temperature  which  is  necessary  to  evaporate  ZnO  the 
quarts  crucible  deteriorated,  probably  by  forming  a  lower  smiting  sine  sili¬ 
cate.  The  evaporation  of  ZnO  from  a  ceramic  crucible  which  was  heated  from 
the  top  by  means  of  a  tungsten  spiral  was  more  successful.  A  direct  contact 
between  ZnO  and  the  tungsten  wire  should  be  avoided  as  coloration  of  the  ZnO 
indicated  a  reaction  between  sine  oxide  and  tungsten  at  high  temperatures. 

The  use  of  a  Drumheller  source  did  not  give  an  apparent  advantage  over  the 
direct  method. 

The  evaporation  of  the  sine  oxide  was  rather  irregular.  There 
was  no  direct  relation  between  the  heater  temperature  and  the  evaporation 
rate.  Apparently,  decomposition  of  the  sine  oxide  took  place,  which  may 
depend  on  the  composition  of  the  residual  gas  phase.  The  unheated  parts  of 
the  vacuum  system  were  covered  with  a  dull  gray  coating  which  looked  rather 
metallic.  The  same  type  of  film  was  deposited  on  an  unheated  substrate. 

On  heated  substrates  a  smooth  and  transparent  film  was  formed.  A  series 
of  ZnO  films  deposited  on  pyrsx  glass  slides  at  3  different  substrate 
temperatures  showed  the  following  resistivities. 
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Substrate  Temperature  100*C 

200*C 

300®C 


leaistivity  7  x  103  ohn-ca 
5  *  io2 
7  x  102 


Tha  filma  war*  about  0.5  mierona  thick.  Hall  aobilltitt  vara  not  measurable. 
Tha  noisa  in  tha  Hall  sample  vaa  rathar  high,  in  th#  order  of  1  mV. 

Sinca  tha  raaiativlty  of  theaa  film*  vaa  in  tha  aaaa  ordar  of 
magnitude  aa  tha  raaiativity  of  CdS  filma  in  good  field  gffact  tr lodes, 
an  attempt  vaa  made  to  incorporate  thaaa  filma  into  devicaa.  Tha  drain 
reaiatance  at  care  gate  voltage  vaa  betveen  200  and  300  kilohm.  Nona  of 
the  6  aamplea  cona true ted  ahowed  any  activity.  Tha  samples  behaved  like 
simple  reaiator  natvorka. 
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tesla tivity  ^  x  10^  obo-c* 

5  x  102 
7  x  102 

The  films  wars  about  0.5  microns  thick.  Hall  nobllltlaa  vara  not  aaaaurabla. 
Tha  nolaa  in  tha  Hall  sample  w»  rathar  high,  in  th*  ordar  of  1  mV. 

Siaca  tha  resistivity  of  thaaa  fllma  was  in  tha  saaa  ordar  of 
magnltuda  as  tha  resistivity  of  CdS  films  in  good  field  affect  tr lodes, 
an  attempt  was  made  to  incorporate  these  films  into  devices.  The  drain 
resistance  at  aero  gate  voltage  was  between  200  and  300  kllohm.  None  of 
the  6  samples  constructed  showed  any  activity.  The  samples  behaved  like 
simple  resistor  networks. 


Substrata  Temperature  100*C 

200*C 

300*C 
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V.  CONCLUSIONS 

The  work  during  the  peat  quarter  hee  leed  to  the  following  con- 

clue  lone  . 

TASK  1:  FIELD  EFFECT  TRIOM8 

(e)  The  conduction  proceee  in  e  CdS  polycrys tel line  film  exhibits 
en  ectivetion  energy  which  cen  be  altered  by  the  eloetric  field.  The  effect 
of  the  field  on  tjia  activation  energy  ia  experimentally  found  to  be  approxi¬ 
mately  -  ^.E  A*  F  2. 

(b)  It  is  necessary  to  introduce  the  concept  of  diffusion  current 
of  space  charges  in  order  to  explain  the  experiments  on  class  (2)  triodes. 

(d)  If 

(1)  The  source-CdS  contact  is  assumed  non-blocking  (coeason  and 
necessary  assuption  in  all  three  mechanism  models  proposed),  and 

(2)  the  activation  energy  is  assigned  to  distributive  traps 

in  CdS,  THEN  the  trap  emptying  mechanism  can  explain  the  modulation  of  source- 
drain  current  by  the  gate  voltage  in  both  the  class  (l)  and  class  (2)  triodes 
(the  difference  between  the  two  classes  is  then  merely  the  source-drain 
RESISTANCE ) . 

(e)  The  thickness  of  the  insulating  layer  has  a  definite  effect 

on  device  performance.  Devices  with  thinner  SiO  layers  exhibit  much  improved 
characteristics. 

TASK  II :  SPACE  CHARGE  LIMITED  TRIODES 

(a)  In  order  to  Improve  the  yield  of  working  devices  it  has  been 
decided  to  employ  the  field  effect  trlode  configuration  of  electrodes  in  the 
fabrication  of  space  charge  limited  triodes. 

(b)  Cadmium  sulfide  films  with  resistivities  up  to  10^  ohm 
centimeters  can  now  be  dirmctly  evaporated  without  subsequent  atmosphere 
or  heat  traatsmnt. 
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(c)  The  making  of  an  ohmic  contact  to  evaporated  cadmium 
aulfide  films  is  no  longer  a  problem.  Making  good  blocking  layers  is 
much  more  difficult. 

TASK  111;  CADMIUM  SULFIDE  FILM  IMPROVEMENT 

(a)  Post-deposition  treatment  of  CdS  films  is  capable  of  raising 

Jl 

the  resistivity  by  a  factor  of  10  . 

(b)  Indium  doping  of  the  CdS  film  may  significantly  improve 
the  properties. 

(c~)  Evaporation  of  CdS  in  ultra -high  vacuum  should  produce 
better  device  material. 

TASK  IV:  ZINC  OXIDE  MATERIAL  IMPROVEMENT 

(a)  The  evaporation  of  zinc  oxide  in  vacuum  is  difficult  to 

control . 

(b)  Field  effect  devices  in  which  cadmium  sulfide  was  replaced 
by  zinc  oxide  did  not  show  any  activity. 
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VI.  PROGRAM  ret  MEXTWTSRVAL 


TASK  I :  FIELD  EFFXCT  TRIODES 

Further  measurements  of  the  type  described  in  eectlon  4.1.3  will 
be  carried  out  to  verify  the  theoretical  nodal  propoaed. 

The  study  of  cadmium  sulfide  film  thickness  on  device  performance 
will  be  continued  to  find  optimum  thickness  for  various  substrate  tempera¬ 
tures  used. 

Mew  evaporation  sources  for  cadmium  sulfide  will  be  studied. 

TASK  II:  SPACE  CHARGE  LIMITED  TRIODES 

Two  terminal  devices  will  be  fabricated  to  study  the  effect  of 
electrodes  and  the  evaporation  parameters  of  CdS  films  on  apace  charge 
limited  currents.  An  attempt  will  be  made  to  derive  trap  properties  from 
the  temperature  dependence  of  space  charge  limited  currents. 

The  fabrication  of  space  charge  limited  triodes  will  be  postponed 
until  more  basic  information  on  space  charge  limited  currents  in  evaporated 
films  is  obtained. 

TASK  III :  CADMIUM  SULFIDE  FILM  IMPROVEMENT 

The  possibility  of  controlling  the  resistivity  of  a  CdS  film  with 
some  precision  by  a  post -deposition  treatment  in  a  hydrogen -hydrogen  sulfide 
mixture  calculated  to  maintain  a  1  ;1  ratio  of  Cd:S  at  the  temperature  of  the 
treatment  in  the  gas  phase  (or  any  other  ratio  found  to  be  desirable)  will  be 
Investigated.  The  gas  mixture  would  be  saturated  with  CdS  from  a  powder 
source  before  reaching  the  sample. 

The  effect  of  In  doping  of  the  sample  will  be  studied  by  placing  In 
in  the  gas  stream  ahead  of  the  sample  under  treatment.  A  systematic  study 
of  differences  in  the  properties  of  CdS  films  prepared  in  a  normal  vacuum 
system  and  in  the  ultra  high  vacuum  system  will  be  carried  out. 

TASK  IV:  ZINC  OXIDE  MATERIAL  IMPROVEMENT 

Zinc  oxide  films  will  be  deposit#*! ...by  sputtering.  Sputtered  sine 
oxide  films  will  be  Incorporated  in  field  effect  devices. 
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VII.  IDENTIFICATION  OF  PERSONNEL 

A.  Biographic* 1  Data 
Br.  John  M.  Blank 

Dr.  Blank  received  hit  AB  in  Physics  from  th*  Collage  of  Wooster 
in  1947,  and  his  MS  and  PhD  in  Physics  from  MIT  in  I950  and  1952 
raspactively .  From  1948  to  1952,  ha  was  a  Research  Assistant  with  MIT's 
Project  Whirlwind.  During  this  period  ha  was  concerned  with  the  design 
and  development  of  electrostatic  storage  tubes  for  computer  memory  units, 
and  pilot  plant  production  of  these  tubes. 

-  In  1952,  he  joined  the  Electronics  Laboratory.  Since  that  time  he 
has  been  involved  in  the  development  of  ferrite  and  dielectric  ceramic 
materials,  phase  equilibria  of  magnetic  materials,  oxygen  ferrite  equili¬ 
brium  relationships,  the  development  of  TV  components  and  memory  cores  on 
a  pilot  plant  reduction  scale. 

For  the  past  two  years  he  has  had  the  responsibility  for  various 
projects  concerning  all  phases  of  thin  circuit  microelectronic  fabrication 
and  study.  He  has  directed  all  of  the  initial  materials  and  processes 
effort  of  the  Electronics  Laboratory  in  the  field  of  thin  film  microelectronics, 
and  continues  to  be  responsible  for  a  majority  of  th*  new  developments  in  the 
materials  and  processes  field.  He  has  been  instrumental  in  developing  a 
large  share  of  th*  Company's  passive  component  technology  a*  well  as  their 
efforts  in  the  field  of  thin  film  active  devices.  Under  his  direction,  the 
thin  film  diode  development  program  has  achieved  considerable  success,  and 
during  the  past  year  he  has  directed  the  Laboratory's  research  and  develop¬ 
ment  efforts  on  thin  film  active  devices. 

Br.  W.  Tantraoorn 

Dr.  Tantraporn  received  his  B.S.  from  the  University  of  Denver  in  1952, 
and  his  M.S.  and  Ph.D.  dsgrsas  in  Physics  from  the  University  of  Michigan  in 
1953  and  1958  respectively.  Prior  to  joining  the  General  Electric  Company's 
Electronics  Laboratory  in  1959,  4a  was  a  lecturer  in  physics  at  the  University 
of  Michigan. 
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At  the  Electronics  Laboratory  ha  haa  been  actively  engaged  in  both 
the  theoretical  and  exparinental  aspects  of  microelectronic  research  and 
developnent.  In  this  regard,  he  has  done  extensive  work  in  the  fielde 
of  tunneling,  Schottky  emission,  dielectric  breakdown,  and  polymerisation. 

He  has  been  instrumental  in  clearing  up  the  considerable  controversy  that 
exists  with  regard  to  the  mechanism  of  emission  in  thin  film  active  devices. 

His  experiments  on  the  determination  of  the  apparent  penetration  of  electrons 
through  thin  metallic  films  represent  a  significant  contribution  to  this  field, 
and  in  effect  have  removed  the  most  serious  obstacle  to  the  completion  of  a 
thin  film  Mhot  electron"  triode.  He  was  the  first  to  show  that  the  current- 
voltage  relationship  for  injection  of  electrons  over  a  potential  barrier  in 
typical  thin  film  active  devicee  followed  a  thermionic  rather  than  a 
tunneling  mechanism  at  ordinary  temperatures. 

Dr.  K.K.  Reinharts 

Dr.  Reinharts  received  his  diploma  Chemiker  and  Ph.D.  degrees  in 
Physical  Chemistry  from  the  Technlsche  Hochschule,  Hanover,  Germany,  in 
I936  and  I959  respectively.  His  dootoral  dissertation  was  on  the  subject 
of  phase  equilibria  in  hydrogen-hydrocarbon  systems  at  high  pressures  and 
temperatures . 

In  1959  Dr.  Reinharts  joined  the  "German  Nuclear  Research  Center"  at 
Karlsruhe,  Germany,  where  he  was  engaged  in  research  in  the  use  of  -emitting 
radionuclides  in  self-luminous  materials.  He  was  Involved  in  a  research 
effort  in  reprocessing  of  irradiated  nuclear  fuels  in  an  integrated  fuel 
cycle  for  a  fast  breeder  reactor. 

Since  joining  the  Solid  State  Materials  group  in  October  I96I,  Dr. 
Reinharts  has  been  engaged  in  the  development  of  thin  film  active  devices. 

Hie  most  recent  work  has  been  concerned  with  the  deposition  of  cadmium 
sulfide  and  construction  of  space  charge  limited  thin  film  devices. 

My-.Jff.y.fa-lti  Mills. 

Mr.  Willis  received  a  l.S.  in  Ingineering  Physics  in  i960  from  Kansas 
University.  Re  graduated  with  highest  honors. 
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He  joined  the  General  Electric  Company  in  June,  i960,  a»  a  member 
o£  Electron  Devices  where  he  worked  in  the  field  of  thermoelectricity, 
primarily  on  the  encapsulation  of  materials.  Since  October,  i960,  he 
has  been  a  member  of  the  Solid  State  Materials  group,  where  he  has 
continued  his  work  in  thermoelectricity,  metal  to  ceramic  eutectic  bonding 
and  other  solid  state  studies.  More  recently,  Mr.  Willis  has  been  involved 
in  the  development  of  electrode  structures  for  field  effect  trlodes. 

Mr.  Willis  is  a  member  of  Tau  Beta  Pi  and  Sigma  Pi  Sigma. 

Dr.  A.E.  Cahill 

Dr.  Cahill  received  his  B.S.  degree  in  Chemistry  from  the  University 
of  Chicago  in  1948.  In  195 1  he  was  awarded  the  Ph.D.  from  Chicago  in 
Physical  Chemistry  for  his  study  "The  Use  of  Heavy  Oxygen  in  the  Study  of 
Reactions  of  Hydrogen  Peroxides". 

In  1951  he  joined  the  Electronics  Laboratory  of  the  General  Electric 
Company.  Much  of  his  work  since  then  has  been  in  the  field  of  Electro¬ 
chemistry.  He  has  done  work  on  the  chemical  deposition  and  metal  films; 
i.e.,  development  of  "electroless"  copper  and  silver;  and  fractionation 
of  stabilized  isotopes  in  homogeneous  reactions. 

He  transferred  to  the  Solid  State  Materials  group  in  1961  where  he 
has  worked  on  fuel  cells,  and  lately  in  microelectronics.  In  the  latter 
field  he  has  been  involved  in  the  glow  discharge  method  of  depositing 
dielectric  films;  such  as,  TiOg  and  PbTiO^  for  capacitor  dielectrics. 

Recently,  Dr.  Cahill  has  been  Involved  in  the  program  investigating 
the  effect  of  hydrogen  sulfide -hydrogen  atmospheres  on  cadmium  sulfide 
films.  This  program  is  designed  to  explore  ways  of  changing  the  electrical 
characteristics  of  cadmium  sulfide  films  after  deposition.  It  also  is 
possible  to  actually  move  cadmium  sulfide  from  one  place  and  deposit  it 
in  another  at  relatively  high  pressures  by  this  method.  The  feasibility 
of  this  procedure  for  actual  deposition  of  films  is  also  being  Investigated. 

Dr.  Cahill  is  the  holder  of  a  patent  on  Chemically  Deposited  Copper, 
and  is  the  author  of  several  papers  on  physical  chemistry. 
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A-  feaigil 


Dr.  Russell  received  her  B.8.  in  Cheniatry  from  Weatnlniater  College 
In  19^7,  end  her  M.S.  and  Ph.D.  from  Syrecuee  Univeraity  In  1949  end  I953 
reapecclvely.  Her  doctoral  dlaeertatton  was  entitled  "Crystal  Structure 
of  Ammonium  Sul f earn te" .  From  I9U7  to  1952  aha  Uught  undergraduate  couraee 
at  Syracuae  Univeraity  and  from  1952*1955  aha  waa  a  Univeraity  Reaearch 
Aaaociate.  During  thia  period  aha  waa  concerned  with  the  preparation  and 
analyaia  of  magnea lum-boron  compound a ,  and  the  determination  of  the  atructure 
of  these  compounds  and  their  decomposition  products  utilizing  X-ray  methods. 

In  I955  she  joined  the  Solid  State  Materials  group  of  the  Electronics 
Laboratory  as  a  Physical  Chemist.  Since  then,  she  has  performed  most  of 
the  X-ray  Investigations  performed  in  the  laboratory.  She  has  also  been 
concerned  with  the  development  of  high  temperature  resistors,  high  density 
and  high  dielectric  strength  barium  strontium  tltanates,  thermoelectricity, 
and  has  coordinated  various  aspects  of  the  Laboratory's  Microelectronics 
program.  Most  recently  she  has  developed  amt  hods  for  the  preparation  of 
single  crystal  platelets  of  silicon  on  glass  substrates  and  single  crystals 
of  cadmium  sulfide. 

B.  Approximate  Engineering  Man  Hours  (1  Dec  1962  -  28  Feb  1963) 


J. M.  Blank  31  Hours 

W.  Tantraporn  131 

K. K.  Reinharts  144 

V. A.  Russell  * 

A.E .  Cahill  * 

W. L.  Willis  344 

Total  650 


These  personnel  carried  out  work  on  a  closely  related  company-sponsored  program 
and  their  work  is  reported  in  this  document. 
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